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Abstract

We have synthesized indium complexes incorporating bifunctional thiolate ligands and examined their utility as initiators for the ring-opening polymerization of rac-lactide and ε-caprolactone.  The facile reaction of Me3In with the corresponding bifunctional thiols in diethyl ether and thf resulted in the formation of [MeIn(SCH2C(O)OMe)2]2 (5) and [MeIn(SCH2CH2NMe2)2] (6), respectively.  The solid-state structure of 5 is dimeric via short intermolecular In…S interactions, yielding an asymmetric In2S2 core.  One pendant and one chelating methylthioglycolate ligand gives a distorted trigonal bipyramidal S3OC bonding environment for indium.  Compound 6 shows a bicyclic monomeric structure with a distorted trigonal bipyramidal S2N2C bonding environment for indium.  Compound 5 polymerized bulk rac-lactide rapidly with high conversion, but yielded broad PDIs and low MWs.  Solution polymerizations using one equivalent of benzyl alcohol per metal centre were reasonably well controlled at 70°C, though molecular weights were lower than theoretical values. Compound 6 was also an efficient mediator of bulk rac-lactide polymerization when initiated by benzyl alcohol, reaching >90% conversion in 15 minutes. Molecular weights were in excellent agreement with the theoretical values and the PDIs were narrow.  Solution polymerizations utilizing 6 in conjunction with benzyl alcohol were much slower than the analogous reactions using 5.  Compound 5 was less efficient at controlling the ROP of ε-caprolactone versus rac-lactide, while 6 was inactive toward ε-caprolactone under a variety of conditions.  This work represents the first study of indium thiolate complexes for the ROP of cyclic esters, and contains rare examples of structurally characterized organoindium bis(thiolate) compounds, the first to be prepared via the hydrocarbon elimination reaction.  
1.  Introduction

Aliphatic poly(ester)s such as poly(lactic acid) and poly(ε-caprolactone) have been identified as possible candidates as alternative biodegradable and bio-renewable polymers with specialized applications in the pharmaceutical and microelectronics industries [​[1]​,​[2]​,​[3]​,​[4]​,​[5]​,​[6]​].  The two main routes to the preparation of these materials are polycondensation and ring opening polymerization (ROP).  The latter route has been found to be superior in that it allows for a greater degree of control over the molecular parameters of the resulting polymer, including lower polydispersities, higher molecular weights and higher end group fidelity [1,5,6].  This means greater control of the physical properties of the resulting polymers, such as melting point, solubility and biodegradability.  Ultimately, these factors govern potential utility of these materials for commercial applications.  
Key to the chemical control provided by the ROP synthetic method is the identification of suitable catalysts that facilitate polymerization of the cyclic monomer. Lewis acidic main group metal (e.g. aluminum) compounds have been found to catalyze the ring opening polymerization of rac-lactide and ε-caprolactone [​[7]​,​[8]​].  More recently, some compounds of indium have been shown to facilitate the ROP of lactide [​[9]​,​[10]​,​[11]​,​[12]​,​[13]​,​[14]​,​[15]​,​[16]​,​[17]​], ε-caprolactone [​[18]​] and β-butyrolactone [​[19]​], though there have been relatively few studies in this area.  Indium based catalysts are attractive due to their new reactivity profile, low toxicity and stability in water.  All reported compounds involve multidentate ligands with covalent amido (N) or aryloxy (O) linkages to the indium centre and secondary dative amine (N), phosphine oxide (O), ether (O) or thioether (S) interactions (e.g. 1-4). To our knowledge, compounds involving covalent indium thiolate (S) ligand bonding have not been examined.  These compounds are expected to be air and moisture stable due to the strong covalent bonds formed between the relatively soft sulfur and indium atoms [​[20]​].  In this context, we have synthesized and structurally characterized the compounds [MeIn(SCH2C(O)OMe)2]2 (5) and [MeIn(SCH2CH2NMe2)2] (6) and studied their reactivity and utility as initiators for the polymerization of ε-caprolactone and rac-lactide.  
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2.  Results and discussion

2.1  Synthesis and solution characterization  

Compounds 5 and 6 were prepared via the hydrocarbon elimination reaction between trimethylindium and the two equivalents of the corresponding bifunctional thiol.  All reactions occurred rapidly at room temperature with evolution of methane gas.  Reaction mixtures were stirred for three (5) or 16 (6) hours and filtered to remove any precipitated product.  Crystalline materials were isolated by slow evaporation or cooling of reaction mixtures.  Although all reactions were quantitative, as determined from 1H NMR spectra of the reaction mixtures, the reported yields (79% and 87% for 5 and 6, respectively) are of crystalline material obtained from the reaction filtrate.  Attempts to prepare other crystalline MeInSR’ compounds via 1:2 reactions of Me3In with N-(methyl)mercaptoacetamide or 2-methoxyethanethiol were unsuccessful, and yielded an insoluble powder and oily substance, respectively.  
Previous studies of the 1:2 reaction of triorganylindium with alkyl- and aryl-thiols suggest that the target product RIn(SR’)2 is in equilibrium with R2InSR’ and In(SR’)3.  The stability of the RIn(SR)2 complex was reported to be determined by the steric bulk of the thiolate ligand and the R-In group, and the acidity of the thiol reactant [​[21]​,​[22]​].  Similarly, the successful isolation of [MeIn(SCH2CO2Me)2]2 (5) from the reaction of Me3In with two equivalents of MeO2CCH2SH was found to be dependent on reaction conditions.  For example, decreasing the volume of reaction solvent to 80% (i.e. 4 mL, see section 4.2) resulted in the precipitation of a colorless powder that was identified by 1H NMR spectroscopy as the 1:1 product Me2In(SCH2CO2Me).​[23]​  Increasing reaction time from 3 h to 24 h did not result in conversion to the desired product (5).  The RIn(SR’)2 compounds isolated from the aforementioned studies of the hydrocarbon elimination reaction were spectroscopically characterized only, and 5 and 6 are the first structurally characterized organoindium bis(thiolate) (RInSR’2) complexes isolated via this route (vide infra).  Only one other structurally characterized example has been reported previously, namely [(Me3Si)3CIn(SPh)2]2 (7), which is prepared from the reaction of the indium(I) complex In4[C(SiMe3)3]4 with the disulfide PhSSPh [​[24]​].  
The 1H NMR spectra of 5 in both thf-d8 and CDCl3 show a single set of resonances for the - SCH2C(O)OMe ligand, suggesting a monomeric structure in solution.  The 1H NMR spectrum of 6 in CDCl3 shows a number of peaks for the -SCH2CH2NMe2 ligand.  This indicates a dynamic association/dissociation process occurring in solution, presumably resulting from the lability of the dative In-N bonding interactions.  A similar observation was made previously for a series of dimethylaminoethoxy complexes {[Me2InOCH2CHRNMe2]2} [​[25]​].  

2.2.  X-ray crystal structures 

Crystals suitable for X-ray crystallographic analysis were isolated by the slow evaporation of the reaction mixture at 23ºC (5) or cooling of the reaction mixture at 4°C (6).  Selected bond distances and angles are given in Tables 1 and 2.   
The structure of [MeIn(SCH2C(O)OMe)2]2 (5) (Figure 1) shows a dimer via pendant -μ-SCH2C(O)OMe groups [In1-S1 = 2.549(1) Å; In1-S2 = 2.730(1) Å; In2-S1 = 2.716(1) Å; In2-S2 = 2.552(1) Å].  The second -SCH2C(O)OMe ligand chelates the metal centre via the thiolate sulfur atom and the carbonyl oxygen atom [In1-S3 = 2.431(1) Å; In-O10 = 2.440(3) Å], while a fifth coordination site is occupied by the methyl carbon atom [In1-C17 = 2.133(4) Å].  This results in a S3OC trigonal bipyramidal bonding environment for indium, with the two thiolate sulfur atoms and the methyl carbon atoms in equatorial positions [C17-In1-S1 = 112.8(1)°, C17-In1-S3 = 138.3(1)°, S1-In1-S3 = 107.33(4)°] and the ester oxygen atom and bridging S2 atom in axial positions [O10-In1-S2 = 166.45(7)°].  Because of the arrangements of the pendant S(SCH2C(O)OMe ligands, the structure is not centrosymmetric and there are two unique indium centres.  However, bond distances and angles are similar at both centres (see Table 1). The In2S2 ring bond distances In1-S2 and In2-S1 are significantly longer than In1-S1 and In2-S2.  This is presumably a result of the trans influence of the ester oxygen atoms (O7 and O10), and yields an asymmetric In2S2 core.  
In contrast to 5, the structure of MeIn(SCH2CH2NMe2)2 (6) (Figure 2) shows the compound to be a monomeric in the solid-state.  It exhibits two chelating -SCH2CH2NMe2 ligands and a five coordinate S2N2C bonding environment for indium [In1-S1 = 2.4704(6) Å; In1-S2 = 2.4774(5) Å; In1-C1 = 2.177(2) Å; In-N1 = 2.419(2) Å; In1-N2 = 2.430(2) Å].  Like 5, bond angles suggest a trigonal bipyramidal geometry at indium, with the two thiolate sulfur atoms and the methyl carbon atom in equatorial positions [C1-In1-S1 = 122.04(6)°, C1-In1-S2 = 116.53(6)°, S1-In1-S = 121.30(2)°], and the amine nitrogen atoms in axial positions [N1-In1-N2 = 163.57(5)°].  In this case, the second axial coordination site is occupied by the amine donor atom of the chelating thiolate ligand rather than a bridging (intermolecular) In-S interaction.  The structure of 6 is similar to those observed for other bicyclic XIn(SCH2CH2NMe2)2 [X = Cl (8), I (9), 4-MeC6H4S (10), 4-MeOC6H4S (11)] compounds, though the In-S and In-N bond distances are slightly longer [8-11: In-S = 2.437(2)-2.446(1) Å; In-N = 2.343(7)-2.409(3) Å] and the N-In-N bond angle is slightly more acute [8-11: N-In-N = 166.5(2)-173.7(3)°]  [​[26]​].
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Compounds 5 and 6 are two of the first examples of structurally characterized organoindium bis(thiolate) (RInSR’2) complexes.  Only one other structurally characterized compound has been reported previously, namely [(Me3Si)3CIn(SPh)2]2 (7), [24] which possesses a similar dimeric structure to 5.  The In2S2 ring bond distances In1-S1 [2.549(1) Å] and In2-S2 [2.552(1) Å] of 5 are similar to those observed in [(Me3Si)3CIn(SPh)2]2 (7) [2.561(1) and 2.626(1) Å], while the In1-S2 [2.730(1) Å] and In2-S1 [2.716(1) Å] distances (i.e. those trans to the O7 and O10, respectively) are significantly longer due to the trans influence of the ester oxygen atom.  The In1-S3 [2.431(1) Å] and In2-S4 [2.431(1) Å] bond distances of 5 are similar to the exocyclic In-S bond distances of 7 [2.452(1) Å] [20].

2.2  DFT Computational Studies
DFT calculations were performed to provide insight into the observed preference for dimeric (5) and monomeric (6) solid-state structures.  Structural representations of the geometry-optimized structures MeIn(SCH2C(O)OMe)2, [MeIn(SCH2C(O)OMe)2]2, MeIn(SCH2CH2NMe2)2 and [MeIn(SCH2CH2NMe2)2]2 are shown in Figure 3, and are very similar to those of the corresponding compounds in the solid-state (see Supplementary information).  Energies for geometry-optimized structures are given in Table 3.  The relative stabilities of the corresponding monomeric versus dimeric species may be calculated according to Equation (1).  

2 MeIn(SR’)2	→ [MeIn(SR’)2]2			(1)

An Edimerization of -42 kJ mol-1 was obtained for R’ = CH2C(O)OMe, thus indicating that dimerization is thermodynamically favourable in the gas phase.  Conversely, an Edimerization of +49 kJ mol-1 was obtained for R’ = CH2CH2NMe2, indicating that the monomeric structure is thermodynamically favourable in the gas phase.  These results are in accordance with the observed dimeric (5) and monomeric (6) solid-state structures, and suggest that the observed structures are not a result of packing forces.   These data also indicate that the In-Oester secondary bonding interaction is weaker than the intermolecular In…S bond, which is in turn less favourable than the In-Namine dative interaction.  It is worth noting, however, that the axial coordination of the ester oxygen atom in the solid-state structure of 5 (Figure 1) precludes a possible second axial In…S interaction at the indium centre, which would yield a coordination polymer of the type [MeIn(SCH2C(O)OMe)2]∞.  This preference may be a result of sterics imposed by the equatorial SCH2C(O)OMe groups.

2.4  Reaction of 5 and 6 as initiators for ROP of cyclic esters  

The polymerization of rac-lactide using 5 at 120°C in bulk proceeded rapidly, with high conversions reached after 15 minutes (Table 4, entry 1). However, PDIs were broad and the molecular weights of the polymers obtained were significantly lower than the theoretical molecular weights. This may be attributed to transesterification, but can also be due to the benzyl alcohol acting as a chain transfer agent. Complex 5 is capable of initiating the polymerization of rac-lactide without the addition of benzyl alcohol (Table 4, entries 2 and 3), both under bulk and solution conditions. The bulk reaction yields polymers with reasonably broad PDIs and molecular weights which are much lower than the theoretical values, indicating significant transesterification occurs. Interestingly, the solution polymerizations, run at the lower temperature of 70°C, result in molecular weights which are much higher than theoretical values, with narrow PDIs (≤ 1.08). This indicates inefficient initiation under these conditions, with only a few growing chains which reach higher than expected molecular weights because of the effective increase in monomer concentration. Solution polymerizations of rac-lactide, using 1 equivalent of benzyl alcohol per metal centre, are reasonably well controlled at 70C° (Table 4, entries 4-7). PDIs are as low as 1.07, although molecular weights are still significantly lower than theoretical values, even when the indium-methyl bonds are assumed to initiate, with the benzyl alcohol acting as chain transfer agent. The possibility of initiation at other sites has not been ruled out, with the lability of this dinuclear complex currently under investigation. Complex 5 was less efficient at controlling the ROP of ε-caprolactone; although polymerizations proceeded rapidly, control was poor (Table 4, entries 8 and 9). Molecular weights were lower than the theoretical values and PDIs were broad (> 1.4).
Complex 6 is also an efficient mediator of bulk rac-lactide polymerization, initiated by benzyl alcohol, reaching >90% conversion in 15 minutes (Table 5, entry 1). Molecular weights were in excellent agreement with the theoretical values and the PDIs were narrow, ≤1.10. The alkoxy indium species is a much more efficient catalyst than the organometallic species, which only reached 48% conversion in 15 minutes (Table 5, entry 2). Without the addition of benzyl alcohol, PDIs are significantly broadened and molecular weights are much higher than the theoretical values, consistent with inefficient initiation of the indium-methyl group. Solution polymerizations utilizing 6 in conjunction with benzyl alcohol are much slower than the analogous reactions using catalyst 5 (Table 5, entries 3 and 4; cf Table 4 entries 4 and 5) and require 24 hours at 70°C to reach high conversions. However, control over molecular weight is good and the PDIs are reasonable. As expected, polymerizations conducted in the absence of benzyl alcohol are both slower and less controlled, resulting in molecular weights much higher than the theoretical values and broad PDIs of ca 1.4. Complex 6 was inactive for ε-caprolactone polymerization under a variety of conditions. Even under bulk conditions at 70°C, conversion was less than 20% after 24 hours and the polymer obtained was of very high molecular weight, with broad PDIs.
	In all instances, no tacticity bias was observed in the resultant polymer. Atactic polymer suggests that these ligand frameworks do not impose enough steric constraint on the metal centre to enforce either chain end control or enantiomeric site control on the polymerization reaction. While catalyst 5 was most effective in mediating solution polymerizations at lower temperatures, catalyst 6 was only effective at elevated temperatures in bulk. Future work will involve variation of the steric bulk, inclusion of stereocentres and alteration of donor frameworks on these novel indium complexes to both optimize the activity and induce stereoselectivity in cyclic ester polymerizations.

	
3.  Conclusions 

	The hydrocarbon elimination reaction of trimethylindium and bifunctional thiols is a simple and high yield route to cyclic indium thiolate complexes 5 and 6.  Although the ligands are anchored to the indium centre via the thiolate sulfur atom, they show dynamic behavior in solution, and both monomeric and dimeric structures in the solid-state.  This is a result of labile intramolecular In-O/N and intermolecular In…S interactions, all of which highlight the Lewis acidity of the indium centre and availability of coordination sites for reaction with substrates.  In light of the demonstrated potential of indium complexes as initiators for the ROP of cyclic esters, we have carried out the first systematic study of organoindium thiolate compounds as initiators for the ROP of rac-lactide and ε-caprolactone.  The results of these studies demonstrate the potential of organoindium dithiolates [RIn(SR’)2]n for this application and provide direction for the design of second generation systems. Notably, the observation of low molecular weight transesterification products highlights the need for increased steric bulk at the indium centre.  We are currently preparing organoindium dithiolate compounds incorporating polyfunctional thiolate ligands and screening their ability to initiate cyclic ester polymerization reactions.   
  

4.  Experimental

4.1  General Considerations  

Solution 1H and 13C{1H} spectra were recorded at 23°C on either a JEOL GMX 270 MHz + spectrometer (270 and 67.9 MHz, respectively), or a Varian Mercury 200 MHz + spectrometer (200 and 50 MHz, respectively), and chemical shifts are calibrated to the residual solvent signal.  FT-IR spectra were recorded as Nujol mulls with NaCl plates on a Mattson Genesis II FT-IR spectrometer in the range of 4000-400 cm-1.  FT-Raman spectra were recorded on a Thermo Nicolet NXR 9600 Series FT-Raman spectrometer in the range 3900-70 cm-1.  Melting points were recorded on an Electrothermal MEL-TEMP melting point apparatus and are uncorrected.  Elemental analyses were performed by Chemisar Laboratories Inc., Guelph, Ontario.  GPC analyses were carried out on a Polymer Laboratories PL-GPC 50 Plus system equipped with two Jordi Gel DVB mixed bed columns (300mm × 7.8mm), a refractive index detector (880 nm) and a Wyatt Technology miniDAWN™ TREOS® multiple angle light scattering (MALS) detector operating at 658 nm. Samples were dissolved and eluted in HPLC-grade THF at a flow rate of 1 mL min-1 at 50°C. dn/dc values of 0.051 for poly(lactide) [​[27]​] and 0.079 for poly(caprolactone) [​[28]​] were used to calculate molecular weights. Polymerizations were set up under inert atmosphere using an MBraun LABmaster sp glovebox equipped with a -35°C freezer, [O2] and [H2O] analyzers and a built-in Siemens Simantic Touch Panel.
Methyl thioglycolate 95%, 2-(dimethylamino)ethanethiol hydrochloride 95%, N-(methyl)mercaptoacetamide 97% and sodium hydride 95% were used as received from Sigma-Aldrich.  2-Methyoxyethanthiol was prepared according to literature methods.​[29]​  Trimethylindium was used as received from Strem.  PURASORB dl-lactide was obtained from PURAC Biochem by Gorinchem and sublimed 3 times under vacuum prior to use. ε-Caprolactone and benzyl alcohol were obtained from Sigma-Aldrich, dried over calcium hydride and distilled under inert atmosphere prior to use.  Tetrahydrofuran (thf) was dried using an MBraun SPS column solvent purification system.  Diethyl ether, anhydrous 99%+ was used as received from Sigma-Aldrich.  All reactions were performed under an atmosphere of inert dinitrogen using standard Schlenk techniques unless otherwise indicated.       
	
4.2  Preparation of [MeIn(SCH2C(O)OMe)2]2 (5) 

Methyl thioglycolate (0.266g, 2.5 mmol) was added to a solution of In(CH​3)3 (0.200 g, 1.25 mmol) in diethyl ether (5ml) to give a clear solution.  The reaction mixture was stirred for 3 h and concentrated under vacuo to yield 5 as a colourless crystals (0.370 g, 1.25 mmol, 87%). Anal. Calc. for C14H26In2O8S4: C, 24.71; H, 3.86; N, 0.00. Found: C, 24.49; H, 3.60; N, <0.20. M.p. = 140°C.  FT-IR (cm-1): 700s, 778w, 880m, 894w, 985m, 1129m, 1172m, 1205s, 1278m, 1319m, 1571w, 1680s, 1737m. FT-Raman (cm-1): 126vs, 197w, 272w, 341w, 401w, 484vs, 518m, 568vw, 686vw, 778w, 897w, 994w, 1159s, 1401w, 2920m, 2958w.  NMR data (thf-d8, ppm​), 1H NMR: 0.00 [s, 3H, MeIn(SCH2C(O)OMe)2], 3.34 [s, 4H, MeIn(SCH2C(O)OMe)2], 3.60 [s, 6H, MeIn(SCH2C(O)OMe)2]; 13C{1H} NMR: 14.0 [MeIn(SCH2C(O)OMe)2]​, 22.5 [MeIn(SCH2C(O)OMe)2], 59.4 [MeIn(SCH2C(O)OMe)2], 165.4 [MeIn(SCH2C(O)OMe)2].  NMR data (CDCl3, ppm​), 1H NMR: 0.29 [s, 3H, MeIn(SCH2C(O)OMe)2], 3.61 [s, 4H, MeIn(SCH2C(O)OMe)2], 3.81 [s, 6H, MeIn(SCH2C(O)OMe)2].

4.3  Preparation of [MeIn(SCH2CH2NMe2)2] (2)  

Sodium hydride (0.081 g, 3.38 mmol) was added to a solution of 2-(dimethylamino)ethanethiol hydrochloride (0.448 g, 3.16 mmol) in thf (8 mL). The resulting cloudy solution was stirred for 1 h then combined with Me3In (0.251 g, 1.57 mmol) in thf (3mL). After 16 h, the reaction mixture was filtered, and the filtrate was concentrated to 1 mL in vacuo and allowed to sit at 4°C.  After 1 d, the solution was filtered to yield 6 as colorless crystals (0.198 g, 0.585 mmols, 79%).  Anal. Calc. for C9H23InN2S2: C, 31.96; H, 6.87; N, 8.28. Found: C, 32.19; H, 6.53; N, 8.01.  Mp = 143oC.  FT-IR (cm-1): 664m, 724w, 766s, 891m, 949m, 1030m, 1102vw, 1123w, 1167w, 1224, 1247w.  FT-Raman (cm-1): 456w, 484vs, 515w, 535w, 669m, 767m, 900w, 952w, 999w, 1035w, 1126w, 1149s, 1226w, 1246w, 1297w, 1437m, 1462m, 2794m, 2839s, 2919vs, 2934vs, 2988m. NMR data (CDCl3, ppm​), 1H NMR: 0.013 (s, 3H, MeIn(SCH2CH2NMe2)2, 2.29 (m, 12H, MeIn(SCH2CH2NMe2)2, 2.64 (m, 4H, MeIn(SCH2CH2NMe2)2), 2.84 (m, 4H, (MeIn(SCH2CH2NMe2)2; 13C{1H} NMR: 23.7 [MeIn(SCH2CH2NMe2)2], 45.0 [MeIn(SCH2CH2NMe2)2], 60.6 [MeIn(SCH2CH2NMe2)2],.    

4.4  Polymerization Experiments 

0.012 g of the desired precatalyst (5 or 6), 3.6 µL of benzyl alcohol and either 0.500 g rac-lactide or 0.400 g ε-caprolactone (1:1:100 indium:benzyl alcohol:monomer ratio) were added to an oven-dried ampoule charged with a magnetic stir bar and 3 mL of toluene when appropriate. The ampoule was sealed and heated to 120°C (bulk polymerization) or 70°C (solution polymerization) with stirring for the desired period of time. The ampoule was cooled to room temperature and the resulting viscous mixture was dissolved in a 10:1 v:v dichloromethane:methanol solution. Once fully dissolved, the solution was left to stir at ambient temperature for 30 min and a sample was removed for determination of conversion before the polymer was precipitated by dropwise addition of the solution into 100 mL of cold methanol. The resulting white precipitate was filtered and dried in vacuo to constant weight. Low molecular weight samples which did not precipitate were concentrated in vacuo and then dried to constant weight. Samples were analyzed by 1H NMR spectroscopy and gel-permeation chromatography.

4.5  X-ray crystallography  

Crystals of 5 and 6 were isolated from the reaction mixtures as indicated above. Single crystals were coated with Paratone-N oil, mounted using a 20 micron cryo-loop and frozen in the cold nitrogen stream of the goniometer.  A hemisphere of data was collected on a Bruker AXS P4/SMART 1000 diffractometer using  and  scans with a scan width of 0.3  and 10 s exposure times.  The detector distance was 5 cm.  The data were reduced (SAINT) [​[30]​] and corrected for absorption (SADABS) [​[31]​].  The structures were solved by direct methods and refined by full-matrix least squares on F2(SHELXTL) [​[32]​].  All non-hydrogen atoms were refined using anisotropic displacement parameters. Hydrogen atoms were included in calculated positions and refined using a riding model.

4.6  Computational methods  

DFT calculations were performed using Gaussian 09 at the B3LYP 6-31G* level of theory for all atoms except In, for which Stuttgart electron core pseudo-potentials (sdd) were employed [​[33]​].  All structures were geometry optimized and structural parameters for input files were derived from crystal structure data where possible.  Frequency calculations were performed on all structures and gave no imaginary frequencies.  Structural parameters are given in the Supplementary data.
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Appendix A.  Supplementary data

Structural parameters for DFT geometry optimized structures of [MeIn(SCH2C(O)OMe)2], [MeIn(SCH2C(O)OMe)2]2 (5), [MeIn(SCH2CH2NMe2)2] (6) and [MeIn(SCH2CH2NMe2)2]2.  CCDC 905629 and 905630, contains the supplementary crystallographic data for 5 and 6. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336 033; or e-mail: deposit@ccdc.cam.ac.uk.  
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Figure 1.  X-ray structure of 5 (30% probability ellipsoids).  Hydrogen atoms are not shown for clarity.  









Figure 2.  X-ray structure of 6 (30% probability ellipsoids).  Hydrogen atoms are not shown for clarity.  






Figure 3.  Geometry optimized structures of a) MeIn(SCH2C(O)OMe)2, b) [MeIn(SCH2C(O)OMe)2]2 (5), c) MeIn(SCH2CH2NMe2)2 (6) and d) [MeIn(SCH2CH2NMe2)2]2.  Hydrogen atoms are not shown for clarity.


Table 1  Selected Bond Distances (Å) and Angles (deg) for 5.
		5	
In1-C17	2.133(4)	In2-C18	2.130(4)
In1-S1	2.549(1)	In2-S2	2.552(1)
In1-S3	2.431(1)	In2-S4	2.431(1)
In1-O10	2.440(3)	In2-O14	2.432(3)
In1-S2	2.730(1)	In2-S1	2.716(1)
C17-In1-S1	112.8(1)	C18-In2-S2	111.8(1)
C17-In1-S3	138.3(1)	C18-In2-S4	139.3(1)
S1-In1-S3	107.33(4)	S2-In2-S4	107.47(4)
O10-In1-S2	166.45(7)	S1-In1-O14	165.94(7)




Table 2  Selected Bond Distances (Å) and Angles (deg) for 6.
	6
In1-C1	2.177(2)
In1-S1	2.4704(6)
In1-S2	2.4774(5)
In1-N1	2.419(2)
In1-N2	2.430(2)
C1-In1-S1	122.04(6)
C1-In1-S2	116.53(6)
S1-In1-S2	121.30(2)
N1-In1-N2	163.57(5)





 Table 3  Calculated energies (E) [kJ mol-1] for geometry optimized monomeric (m) and dimeric (d) MeIn(SR’)2 species.
	E
	R’ = CH2C(O)OMe	R’ = CH2CH2NMe2
MeIn(SR’)2 (m)	-3,606,458	-3,319,489
[MeIn(SR’)2]2 (d)	-7,212,958	-6,638,929
Edimerization (d – 2m)	-42	+49



Table 4  Ring opening polymerization of rac-lactide and ε-caprolactone using complex 5.
Entry	Monomer	M:I	Medium	Temp. / °C	Time / min	% conv.	Mn,th	Mn	PDI
1	rac-LA	100	Bulk	120	15	96	13950a	9480	1.45
2	rac-LA	100*	Bulk	120	15	>99	14430a	3020	1.30
3	rac-LA	100*	Tol	70	15	63	9100a	23740	1.08
4	rac-LA	100	Tol	70	15	77	7470b	1310	1.26
5	rac-LA	100	Tol	70	60	98	9470b	5940	1.07
6	rac-LA	250	Tol	70	120	89	21720b	16520	1.07
7	rac-LA	500	Tol	70	240	91	44290b	26540	1.15
8	ε-CL	100	Tol	70	10	98	7600b	6390	1.56
9	ε-CL	100	Tol	22	180	98	7600b	3470	1.42
Benzyl alcohol used as initiator, 1 eq. per metal centre except for * where no alcohol added. 3 mL of solvent used where appropriate, unless otherwise stated. a Mn,th = [M]0/[I]0 × MW(monomer) × conv. + MW(initiator). b Mn,th = [M]0/([In]0+[I]0) × MW(monomer) × conv. + MW(initiator). Conversion determined from 1H NMR spectra of crude samples. Mn and PDI determined from GPC-MALS.


Table 5  Ring opening polymerization of rac-lactide and ε-caprolactone using complex 6.
Entry	Monomer	M:I	Medium	Temp. / °C	Time / min	% conv.	Mn,th	Mn	PDI
1	rac-LA	100	Bulk	120	15	91	13230	13110	1.10
2	rac-LA	100*	Bulk	120	15	48	7030	53280	1.41
3	rac-LA	100	Tol	70	15	6	970	6260	1.28
4	rac-LA	100	Tol	70	1440	96	13950	11750	1.15
5	rac-LA	100*	Tol	70	15	5	830	10660	1.41
6	rac-LA	100*	Tol	70	1440	88	12800	20600	1.39
8	ε-CL	100	Bulk	70	1440	17	2070	32100	1.38
Benzyl alcohol used as initiator, 1 eq. per metal centre except for * where no alcohol added. 3 mL of solvent used where appropriate, unless otherwise stated. Mn,th = [M]0/[I]0 × MW(monomer) × conv. + MW(initiator). Conversion determined from 1H NMR spectra of crude samples. Mn and PDI determined from GPC-MALS.


Table 6  Crystallographic Data for 5 and 6.
	5	6
formula	C14H26In2O8S4	C9H23InN2S2
fw	680.23	338.23
crystal system	monoclinic	monoclinic
space group	Cc	P2(1)/n
a (Å)	19.897(7)	10.6081(14)
b (Å)	8.362(3)	9.5405(13)
c (Å)	14.943(5)	13.9120(18)
α (deg)	90	90
 (deg)	93.793(6)	93.233
γ (deg)	90	90
V (Å3)	2480.6(14)	1405.7(3)
Z	4	4
F(000)	1344	688
ρcalcd, g cm-3	1.821	1.598
μ, mm-1	2.229	1.949
T, K	188(1)	188(1)
λ, Å	0.71073	0.71073
R1 a	0.0213	0.0210
wR2b	0.0534	0.0553
a R1 = [Σ||Fo|-|Fc||]/[Σ|Fo|] for [Fo2 > 2σ(Fo2)].  b wR2 = {[Σw(Fo2- Fc2)2]/[Σw(Fo4)]}½.  
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